Background: As the number of cartilage restoration procedures is increasing, so is the number of revision procedures. However, there remains limited information on the reasons for failure of primary cartilage restoration procedures.
It has been reported that focal cartilage defects impair quality of life in a similar fashion to severe osteoarthritis, causing long-term deficits in knee function.
14 When nonoperative management fails, surgery may be indicated, with a variety of surgical options available to treat cartilage lesions. Overall, these interventions have been shown to improve quality of life and be cost-effective. 24 Palliative treatment options offer limited and short-term symptom relief for cartilage defects, but articular cartilage restoration has demonstrated cost-effectiveness in reducing pain and functional disability. 11, 24 A variety of surgical options are available to treat cartilage lesions, and over 90,000 cartilage repair and restoration procedures were performed in the United States in 2010. 22 Surgical options include microfracture, autologous chondrocyte implantation (ACI), osteochondral autograft transfer (OAT), osteochondral allograft transplantation (OCA), and particulated chondral tissue transplantation. 8 Microfracture remains the most commonly performed procedure for cartilage defects. 23 The Orthopaedic Journal of Sports Medicine, 6(5), 2325967118773041 DOI: 10.1177/2325967118773041 While these procedures have demonstrated satisfactory results, not all patients do well. Many patients have relevant abnormalities in addition to the isolated cartilage defect, such as patellar maltracking/instability, malalignment, meniscal deficiency, and instability of the tibiofemoral articulation. 5 It is critical to understand how the cartilage defect occurred before considering any attempt at restoration surgery. Treatment with cartilage restoration may fail or outcome durability may be compromised if all possible influential factors are not corrected.
In addition, the incidence of articular cartilage defects, the number of surgical procedures, and the variety of techniques have all risen over the past 2 decades. More surgeons are being trained in these complex procedures with narrow indications, including many who do not subspecialize in cartilage restoration. This is comparable with trends in anterior cruciate ligament (ACL) reconstruction, the majority of which are performed by surgeons who perform fewer than 10 ACL procedures per year. 20, 38 The most common reason for failure of ACL reconstruction is technical error with misplacement of the femoral socket by the surgeon. 30, 40 On the other hand, the mode of failure in cartilage repair surgery has not been well elucidated.
As a result of the growing number of primary cartilage procedures, revision surgery will also be more common. These revision procedures may have satisfactory outcomes, but they are typically inferior to those of initial cartilage restoration. 17 Consequently, it would be instructive to evaluate the current modes of failure to optimize patient outcomes and limit the number of failures. The purpose of the present study was to determine the mode of failure of a consecutive series of failed primary cartilage repair procedures presenting to a specialized cartilage clinic at a single tertiary referral center. We hypothesized that a large number of failures are caused by unrecognized or untreated concomitant influential factors, such as malalignment, meniscal deficiency, and instability.
METHODS
With institutional review board approval, patients who underwent revision surgery after failed cartilage repair between September 2011 and May 2017 were identified. Inclusion criteria consisted of all referred patients undergoing revision cartilage surgery by the first author (A.J.K.) at a single institution in the abovementioned time period. Exclusion criteria consisted of (1) patients presenting with failed cartilage surgery who were not candidates for revision cartilage surgery, (2) patients who required arthroplasty, and (3) patients choosing not to participate in the research. Patients who were not candidates for revision cartilage surgery were those with generalized degenerative changes and osteoarthritis of the knee, leading to nonoperative management or arthroplasty after their index cartilage procedure.
Cases were reviewed by 2 fellowship-trained experts in cartilage surgery in a blinded fashion to arrive at a consensus for the cause of failure. Failure was defined as a lack of improvement of preoperative symptoms including pain, function, activity level, and overall quality of life, leading to an indication for revision surgery. Index (failed) surgical procedures were performed at outside institutions and included microfracture, OAT, OCA, nonviable/decellularized osteochondral allograft (Chondrofix; Zimmer Biomet), and particulated juvenile chondral allograft (DeNovo NT Natural Tissue Graft; Zimmer Biomet). All revision procedures were performed by a single surgeon (A.J.K.) and included OAT, OCA, high tibial osteotomy, tibial tubercle osteotomy (TTO), ACI, distal femoral osteotomy, medial meniscal allograft transplantation, and particulated juvenile chondral allograft.
A total of 53 patients, comprising 59 failed cases, were identified for this review of prospectively collected data. Basic demographic information, including age, sex, body mass index (BMI), and level of education, was collected from the medical records for all cases. Surgical details, including size and location of the lesion, laterality, type of failed intervention, and revision strategy, were gathered from preoperative and intraoperative notes. Patients with failure of bilateral cartilage restoration procedures and those who underwent repeat revision procedures were eligible for inclusion. Lesion dimension data were available for 53 of the 59 failed cases and were combined from all anatomic locations of the knee joint. Surgical notes in all cases provided maximal width and height dimensions (in mm), which were used to calculate a total lesion area estimate.
The mechanism of failure was determined by physical examination, imaging (before and after the index procedure), and intraoperative findings during revision surgery. While imaging performed before index surgery at outside institutions varied, standard anteroposterior, lateral, patellar (sunrise or Merchant), and full-length standing radiographs were obtained in addition to magnetic resonance imaging (MRI) scans in preparation for revision surgery.
Mechanisms of failure were categorized into 4 broad categories:
Malalignment: defined as 5 of mechanical axis deviation. 10, 15 Meniscal deficiency: defined as <50% functioning meniscal tissue. Instability: defined as unaddressed or persistent clinically symptomatic instability. In the patellofemoral joint, this was typically a patellar subluxation/ dislocation that required medial patellofemoral ligament (MPFL) reconstruction and/or TTO during revision surgery. In the femorotibial joint, this was typically persistent instability after ACL reconstruction requiring revision ACL reconstruction. Graft failure: defined as biologic failure of the index cartilage repair or restoration procedure without other identified contributing factors.
Statistical Analysis
Patient characteristics, including demographics and risk factors for cartilage failure, were summarized using descriptive statistics including means, SDs, and percentages, as appropriate. Descriptive statistics predominated because of the nature of this case series of failed procedures and referrals to a tertiary surgical center. Where appropriate, proportions were compared using chi-square testing. Statistical analysis was performed with R 3.4.0 (R Core Team). P values <.05 were considered statistically significant.
RESULTS
Fifty-nine failed cartilage procedures in 53 patients were surgically revised between September 2011 and May 2017. The mean patient age at the time of revision surgery was 27.6 years (range, 14.0-49.0 years). The study sample included 32 male (60%) and 21 female (40%) patients. The mean duration from failed index surgery to revision was 41.5 ± 38.4 months ( Table 1) . Failed index surgery included 35 microfractures (59%), 12 OCAs (20%), 10 OATs (17%), 2 nonviable osteochondral allografts (3%), and 2 particulated juvenile chondral allografts (3%) ( Table 2) . Thirty-two patients had lesions involving the medial femoral condyle (54%), 21 involving the lateral femoral condyle (36%), 12 involving the patella (20%), and 9 involving the trochlea (15%) ( Table 3) . Forty-eight failures involved lesions affecting only 1 area of the knee joint (81%), 7 affected 2 regions (12%), and 4 affected 3 regions (7%).
The reason for index surgery failure was divided into 4 categories as follows: 33 due to malalignment (56%), 11 due to meniscal deficiency (19%), 16 due to graft failure (27%), and 3 due to instability (5%) ( Table 4) . Four of the 59 failed cases involved more than 1 failure mechanism. Six patients had bilateral disease (11%). Of these, 1 underwent simultaneous revisions of both sides, whereas the remaining revisions were performed serially. Ten of the index cases involved an initial insult that was traumatic in nature (17%). In total, 74 distinct lesions were found, accounting for the 59 failed cases. Dimension data in either the surgical or radiology note was available in 66 of these lesions, and the mean lesion size was 4.4 cm 2 . Overall, the most common failed procedure was microfracture, and the majority failed because of malalignment. While most of the failures were attributable to 1 mechanism, 4 cases were found to have failed by 2 mechanisms. The most commonly affected region of the joint was the medial femoral condyle, followed by the lateral femoral condyle. Although some patients did have cartilage failure at multiple locations, the majority of patients only had 1 point of failure. The reasons for failure were statistically similar in distribution (P > .99) between outside institutions and the tertiary referral center (Table 5 ). Detailed patient data are organized in Table 6 .
An illustrative example has been provided in Figures 1  to 3 . This patient was a 32-year-old active golfer who developed an osteochondritis dissecans lesion and underwent excision and microfracture. Because microfracture failed, he received a cell-based particulated juvenile chondral allograft, which was later revised with a decellularized osteochondral allograft, which also failed. His initial radiographs demonstrated significant varus malalignment through the osteochondral lesion. At presentation to our cartilage center, he was offered surgery with valgus osteotomy and revision with a fresh osteochondral allograft. This case represents the only patient in this series with more than 1 procedure at presentation.
DISCUSSION
Healthy articular cartilage is essential for normal pain-free knee function, and focal cartilage defects can impair quality of life similar to severe osteoarthritis.
14 With the evolution of cartilage restoration techniques, the number of cartilage procedures performed in the United States has substantially increased, with an associated increase in failed cartilage surgical procedures and subsequent revisions. 22 The purpose of this study was to determine the mode of failure for primary cartilage procedures referred to a tertiary referral center, so as to conduct a descriptive causal analysis and identify treatable risk factors for failure. Our hypothesis was confirmed in that the majority of failures were caused by a lack of treating underlying factors such as malalignment, meniscal deficiency, and ligament instability.
The most common reason for failure of cartilage restoration procedures was residual malalignment (56%). In cases of malalignment, the affected cartilage compartment is overloaded, with potentially profound changes in the force distribution at relatively low degrees of angulation. In previous native joint and total knee model analyses, it has been suggested that an increase of 4 to 6 of varus angulation leads to a 20% to 50% increase in medial tibiofemoral stresses. 36, 39 There exists strong evidence that malalignment plays a role in both the development and subsequent progression of osteoarthritis. 6, 33, 35 In particular, Sharma et al, 33 in their age-, sex-, and BMI-adjusted model, demonstrated that varus malalignment was associated with a 4-fold increase in the progression of Kellgren-Lawrence arthritis of 1 grade at 18-month follow-up, while valgus malalignment was associated with a near 5-fold increased incidence of arthritic progression.
In the study by Sharma et al, 33 the severity of both varus and valgus deformities correlated with the risk of disease progression. As such, we believe that long-leg standing hip-to-ankle radiographs are of utmost importance in these patients. Without addressing the underlying increased contact stresses that may have caused the primary cartilage injury, any restorative procedures are at an increased risk to fail under continued increased stresses. While osteotomy alone in patients with chondral lesions and underlying malalignment may provide short-term symptomatic improvements, we recommend concurrent operative treatment of cartilage defects, as restoration of the articular surface is necessary for optimal load sharing to prevent asymmetric kinematics and resultant cartilage defects. In light of optimizing an even articular load distribution, we recommend restoration of the normal anatomic axis as opposed to overcorrection when performing osteotomy for focal defects. Accordingly, sports medicine surgeons who perform cartilage restoration in their practice need to be well equipped and experienced with performing periarticular osteotomy about the knee. We also recommend avoiding microfracture for lesions encountered at the time of arthroscopic surgery without knowledge of preoperative alignment, as it is possible that a significant number of microfracture failures are caused by addressing such findings without a sufficient evaluation of contributing background factors.
Another common reason for cartilage surgery failure was meniscal deficiency, which was observed in 11 of the 59 cases of revision surgery (19%). Meniscectomy and untreated meniscal tears have an extensive track record for leading to increased osteochondral degenerative changes over time when compared with uninvolved contralateral knees or population controls. 3, 7, 12, 27 In cadaveric studies, it has been demonstrated that after partial meniscectomy of the inner one-third of the meniscus, tibiofemoral contact areas decrease by 10%, while peak local contact stresses increase by 65%. 4 Furthermore, in total meniscectomy, contact areas decrease by 75%, and peak local contact stresses increase 2.35-fold. 4 Of additional significance is a definitive intraoperative examination of the meniscal roots, as tears in these difficult-to-image areas have demonstrated significant subsequent increases in articular contact stresses. 2, 18, 19, 21 Consideration should also be given for meniscal allograft transplantation for cases in which meniscal repair or conservative partial debridement is not possible. Although there is controversy regarding the long-term results of meniscal transplantation, biomechanical studies support a possible protective role in increasing the contact area and stability as well as decreasing peak contact stresses within the knee joint. 1, 16, 26, 29, 31, 34 The importance of concomitant instability in patellofemoral cartilage defects is considerable and provides a treatment challenge. In the landmark series by Brittberg et al, 5 overall results for ACI were quite promising, with 16 of the 23 patients reporting good to excellent outcomes. However, positive outcomes were concentrated in the femoral condylar transplant group (14/16 good to excellent), while failures were concentrated in the patellar group (2/6 good to excellent). At the time of that study's publication in 1994, patellar maltracking and instability had not been well recognized in the literature and thus were not addressed intraoperatively. In their discussion, the authors suggested that malalignment and subluxation may play a role in their modest results and that these may be better addressed by correction of the underlying abnormalities. In more contemporary series reporting on patellar ACI with concomitant biomechanical normalization procedures such as TTO with anteromedialization, trochleoplasty, and MPFL reconstruction, outcomes have been significantly improved. A recent multicenter study demonstrated greater than 80% good to excellent outcomes, and more than 90% of patients stated that they would undergo the procedure again. 13 Special care should also be taken to evaluate for sagittal and coronal instability. There is an abundance of literature suggesting that for patients with laxity, coronal instability precedes and predisposes to osteoarthritic changes, with the degree of laxity positively associated with a degree of cartilage loss. 32 In terms of sagittal instability, it has been demonstrated that patients with meniscal tears and concomitant ACL tears fare worse after meniscectomy than those who undergo isolated meniscectomy without ACL lesions. 7 Similarly, MRI and biomechanical studies have suggested that posterior cruciate ligament deficiency causes both acute chondral damage and increased cartilage deformation and altered tibiofemoral loads, leading to chronic cartilage degeneration that is potentially preventable by addressing the underlying ligamentous source of instability. 9, 28, 37 As such, patients with ligamentous laxity should be counseled on their increased risk for failure after cartilage procedures, while patients with surgically correctable factors such as ACL and/or posterior cruciate ligament deficiency should undergo treatment of both cartilage and associated ligamentous abnormalities to minimize the risk of subsequent failure.
Despite the correction of background factors and improvements in techniques and outcomes, cartilage surgery will not have uniformly excellent results. In the current study, graft failure was the reason for approximately one-fourth of revision cases. While storage and optimization efforts are underway to improve graft quality, and surgical techniques continue to evolve, the patient undergoing cartilage surgery continues to pose a complex clinical entity, which is often the result of multiple overlapping biomechanical and patient-specific factors. While surgical factors can be optimized, other variables such as age, BMI, and activity level will continue to affect the rates of successful cartilage surgery. Accordingly, cartilage surgery candidates must be preoperatively counseled in light of established risk factors for failure, such as increased BMI and age, as nonoperative treatment or arthroplasty may provide a more durable approach in these populations. We recommend that every patient undergoing cartilage surgery undergo an extensive clinical history, physical examination including analyses of gait and alignment, full-length radiography, and scrutinization of all imaging to recognize contributing background factors. Surgical management of such patients should only be considered in the practice of the physician facile in osteotomy, meniscal repair, meniscal transplantation techniques, and patellofemoral procedures such as TTO, MPFL reconstruction, lateral retinacular lengthening, and trochleoplasty. 25 This review of failed cartilage procedures has some limitations. Defining failure as revision surgery at a tertiary referral center underestimates the number of procedures with poor results, as patients may elect for nonoperative management or even total knee arthroplasty after suboptimal outcomes with primary cartilage surgery. However, including patients with poor initial indications for cartilage surgery, such as diffuse degenerative changes, was not felt to add instructive insight to the mode of failure of cartilage repair surgery. The results of this study were also subject to a degree of referral bias, as the revising surgeon had no control over the nature of patients with failed cartilage repair presenting for re-evaluation or previous surgery that they had undergone. In light of this bias, the relative predominance or absence of primary procedures needing revision, such as microfracture and ACI, should be interpreted with caution, as these factors are influenced by not only the failure rate but also the prevalence and referral pattern.
An additional limitation was that the original surgeons did not assess alignment and provided no long-leg radiographs to the revising surgeon. Therefore, it is unknown if alignment changed from normal to malalignment between the primary and revision procedures. Similarly, an assumption was made that the status of the meniscus at the time of revision was similar to that after primary surgery was performed. Finally, when reporting surface area, the maximum length and width of lesions are presented. It is important to note that lesions were often irregular in shape, and thus, these total surface area measurements likely tend to overestimate the lesion size. 
CONCLUSION
Cartilage restoration procedures play an important and evolving role in managing knee abnormalities, which often exist with a spectrum of contributing background factors. In the current series, the most common failed cartilage procedure treated with revision surgery was microfracture, and the most commonly recognized reason for failure was untreated coronal malalignment. While biologic and graft failures do occur, the majority of failures were attributed to untreated background factors such as malalignment, meniscal deficiency, and instability. Thorough preoperative recognition and consideration of the treatment of these background factors are critically important in cartilage surgery. By following a stepwise approach that first addresses alignment, meniscal volume, and joint stability before, or concurrently with, the cartilage defect, patient care and functional outcomes are more likely to be optimized.
